To objectively compare quantitative parameters related to image quality attained at coronary magnetic resonance (MR) angiography of the right coronary artery (RCA) performed at 7 T and 3 T.
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of the period of minimal coronary motion (trigger delay) and the volume targeting of the 3D stack in parallel with the middiastolic RCA. Finally, volumetargeted coronary MR angiography was performed by using a 3D segmented k-space gradient-echo imaging technique (parameters are in Table 1 ) combined with a spectrally selective adiabatic inversion-recovery pulse (inversion time, 200 msec) for fat saturation. First-order local volume shimming at the anatomic level of the RCA was performed in all cases.
Imaging at 3 T
On the 3-T system, the body coil was used for RF transmission, with a commercial six-element cardiac coil array for signal reception. Scout imaging included free-breathing, retrospectively ECGgated, two-dimensional cine balanced fast gradient-echo imaging in a horizontal long-axis view (four-chamber) to determine the trigger delay. Furthermore, ECG-triggered free-breathing navigatorgated and corrected 3D gradient-echo whole-heart imaging was performed teers provided signed informed consent. Three-dimensional (3D) MR angiography of the right coronary system was performed in 10 healthy young adult volunteers (mean age 6 standard deviation, 25 years 6 4; seven men, three women) who underwent imaging at 7 T and 3 T (Achieva; Philips Healthcare, Best, the Netherlands) in a prospective study design. For practical reasons, 7-T imaging always occurred before 3-T imaging. Coronary MR angiography was performed with prospective navigator technology and vector electrocardiographic (ECG) triggering ( 8 ) . All volunteers underwent imaging in a head-fi rst, supine position. None of the volunteers received nitroglycerin before MR imaging. The mean interval between the two examinations was 8 weeks 6 5.
Imaging at 7 T
A quadrature transmit-receive surface coil consisting of two overlapping loops (13-cm diameter each) was constructed in-house ( Fig 1 ) . The coil size is larger than described previously ( 4,6 ) to improve volumetric coverage. First, non-ECG-triggered scout images in coronal, transverse, and sagittal orientations were acquired to plan subsequent images and to localize the two-dimensional selective navigator. At 7 T, the navigator was placed at the lung-heart interface because of the limited sensitive volume of the surface coil. Second, ECG-triggered, breath-hold multisection transverse cine scout imaging was performed for both the determination C urrently, relatively few (approximately 40) 7-T magnetic resonance (MR) imaging systems are available for human use, and most of them are situated in research centers. High-fi eld-strength cardiac MR imaging initially was thought to be problematic due to magnetic fi eld inhomogeneity and specifi c absorption rate constraints. Furthermore, contemporary commercial 7-T units are not routinely equipped with body radiofrequency (RF) transmit coils or surface RF receive coils. Despite these major challenges, a number of research groups already have demonstrated the feasibility of cardiac imaging at 7 T and beyond (1) (2) (3) (4) (5) . Initial attempts focusing on coronary artery imaging at 7 T showed that these barriers can be removed successfully, and initial in vivo human images were promising ( 6 ) . Although these early 7-T studies were conducted by using single-channel RF transmit-receive coil architecture, recent advances in surface coil technology seem particularly promising. However, although an improvement in image quality may be expected at higher magnetic fi eld strength ( 7 ), there have been no reports, to our knowledge, on cardiac MR imaging studies in which investigators directly and objectively compare parameters related to image quality at 7 T with those obtained at lower fi eld strength. Therefore, the purpose of our study was to objectively compare quantitative parameters related to image quality attained at coronary MR angiography of the right coronary artery (RCA) performed at 7 T and 3 T.
Materials and Methods
Our study was approved by our institutional review board, and all volun-
Implications for Patient Care
Improved contrast between blood n and epicardial fat, better coronary vessel sharpness, and increased blood signal intensity of the RCA are obtained at 7 T than at 3 T.
Better-defi ned vessel borders and n high SNR are potentially promising for the more accurate noninvasive identifi cation of clinically important luminal coronary artery disease without ionizing radiation.
Advance in Knowledge
At 7 T, the right coronary artery n (RCA) is visualized with betterdefi ned vessel borders and higher signal-to-noise ratio (SNR) when compared with 3-T acquisitions with identical acquisition duration. 
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to the proximal RCA (mean ROI area, 0.90 cm 2 6 0.61), divided by the standard deviation of the background signal from an ROI positioned anterior to the chest wall (noise; mean ROI area, 9.95 cm 2 6 3.98). The SNR was calculated for the blood signal intensity in the described ROI localized in the aortic root. The average signal intensity from this ROI was divided by the noise. Vessel sharpness was measured by using signal intensity gradients perpendicular to the 3D course of the RCA and was calculated for the proximal 4 cm of the RCA ( 9 ). The RCA vessel length was measured manually, and both vessel sharpness and diameter for the proximal 4 cm of the RCA were calculated automatically by the software.
Statistical Analysis
Data are presented as mean 6 standard deviation. Comparisons were made between the results obtained at 7 T and 3 T and between the results obtained with the different navigator positions at 3 T. For comparisons, a nonparametric Mann-Whitney U test was used. P , .05 was considered to indicate a statistically signifi cant difference.
Results
Coronary MR angiography was performed successfully in all volunteers at both fi eld strengths. At 7 T, one study volunteer complained about vertigo while the table was moving. All quantitative fi ndings are listed in Table 2 . Total time in the magnet was on average 30 minutes at 7 T and 20 minutes at 3 T.
Figures 2-4 illustrate example coronary MR angiography reformations obtained at 7 T and at 3 T. All images show high signal intensity of the coronary artery lumen, while that of the surrounding epicardial fat is suppressed. At 7 T, suppression of the epicardial fat appears visually improved when compared with that at 3 T ( Fig 2 ) . Consistent with these fi ndings, quantitative CNR between the blood pool and epicardial fat was signifi cantly improved at 7 T (7 T versus 3 T navigator at heart, P = .013; 7 T versus 3 T navigator at liver, P = .009). batic inversion recovery (inversion time, 150 msec) for fat saturation. The coronary MR angiography imaging parameters were similar ( Table 1 ) at both fi eld strengths to support a fair quantitative comparison.
Data Analysis
Images were processed and analyzed by using the Soap-Bubble tool ( 9 ) . Both a visual qualitative description and a direct quantitative comparison between 7-T and 3-T images were performed. All data analyses were performed by one physician (S.G.C.v.E., with 4 years of experience in cardiac MR imaging) with the supervision of a senior researcher (M.S., with 18 years of experience in cardiac MR imaging).
The following parameters were measured: contrast-to-noise ratio (CNR) between the blood pool and the epicardial fat, signal-to-noise ratio (SNR) of the blood pool, RCA vessel sharpness and diameter of the fi rst 4 cm, and visible vessel length. The CNR was defi ned as the difference in signal intensity between a manually placed region of interest (ROI) in the aortic root (mean ROI area, 1.80 cm 2 6 0.60) near the offshoot of the RCA, and that of an ROI placed in the epicardial fat adjacent for the anatomic localization of the RCA. After scout imaging, two coronary imaging sequences were performed at 3 T with different navigator localization in random order: (a) with navigator localization at the lung-heart interface (navigator at heart) and (b) with navigator localization at the lung-liver interface (navigator at liver). Both 3-T coronary imaging sequences consisted of a 3D segmented k-space gradient-echo technique with spectrally selective adia- Approximately a twofold increase in SNR is predicted at 7 T when compared with 3 T ( 7,12 ), whereas a 60% SNR improvement was found in our study, nary arteries support improved identifi cation of signifi cant coronary artery stenoses.
The results of a multicenter study indicate that multidetector computed tomography (CT) is highly promising and superior to MR angiography for the noninvasive evaluation of signifi cant proximal coronary stenoses ( 10 ) . However, the most recent data from a coronary MR angiography multicenter trial ( 11 ) Visually, the contrast between the myocardium and the blood pool in the left ventricle is rather shallow at 7 T as shown in Figures 3 and 4 . When compared with that at 3 T, the SNR of the blood pool measured on the 7 T images was 60% higher (7 T versus 3 T navigator at heart, P = .023; 7 T versus 3 T navigator at liver, P = .027). Improved delineation of the RCA at 7 T is visible in Figure 3 , with good depiction of RCA branches and distal segments. Consistent with these fi ndings, objective vessel sharpness analysis demonstrated improved quantitative vessel conspicuity at 7 T (versus 3 T navigator at heart, P = .038; versus 3 T navigator at liver; P = .031). Even though constraints related to the B1 fi eld and coil sensitivity adversely affected the signal more distant to the surface transmitreceive coil at 7 T ( Figs 2-4 ) , there was no signifi cant difference in vessel length (7 T versus 3 T navigator at heart, P = .233; 7 T versus 3 T navigator at liver, P = .414) or vessel diameter (7 T versus 3 T navigator at heart, P = .653; 7 T versus 3 T navigator at liver, P = .567) measurements among the images from the different fi eld strengths. Navigator effi ciency (7 T versus 3 T navigator at heart, P = .970; 7 T versus 3 T navigator at liver, P = .272) and total data acquisition time (7 T versus 3 T navigator at heart, P = .520; 7 T versus 3 T navigator at liver, P = .821) also were not fi eld strength dependent. No signifi cant difference in CNR between the blood pool and epicardial fat, SNR of the blood pool, RCA vessel sharpness, vessel length, vessel diameter, navigator effi ciency, or acquisition time was found between the 3-T images acquired with the different navigator localizations.
Discussion
In our study comparing 7-T and 3-T RCA coronary MR angiography in young healthy volunteers, we found improved CNR between the blood pool and the epicardial fat, enhanced SNR of the blood pool, and increased vessel sharpness at 7 T. These fi ndings may have implications, since vessel conspicuity and well-defi ned borders of the coro- Note.-Data are mean 6 standard deviation.
* CNR between the blood pool and epicardial fat surrounding the proximal RCA. † Signifi cantly different from 3 T ( P , .05). 
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available RF coils and the only recent availability of 7 T for whole-body human use constitute additional 7-T-specifi c limitations. Despite these limitations, the reported 60% improvement in SNR, when going from 3 T to 7 T, is consistent with that reported for direct 1.5 T versus 3 T. Our fi ndings of increased vessel sharpness at 7 T suggest that motion suppression works effectively at 7 T, since vessel sharpness depends on the performance of ECG triggering and the respiratory navigator. Two similar imaging sequences with different navigator localizations were performed at 3 T to exclude the infl uence of navigator localization on the quantitative parameters related to image quality. Consistent with earlier fi ndings ( 16 ) , no navigatordependent quantitative differences were observed.
The results from the RCA vessel length and diameter measurements were similar for both fi eld strengths. This fi nding suggests that coverage and RF penetration of the surface coil at 7 T may not be limiting factors for visualization of the RCA.
The situation for the left coronary system is different. On the one hand, the penetration depth of the current transmit-receive coil is limited, so parts of the left coronary system may not be visualized easily. On the other hand, an enhancement of the contrast between myocardium and the blood pool is mandatory for visualizing the left coronary system. At 3 T, such contrast enhancement has been obtained with adiabatic T2 preparation ( 17 ) or with the combination of extracellular contrast agents and inversion recovery ( 18 ) . However, at 7 T, specifi c absorption rate constraints preclude the use of the T2 preparation, and alternative 7-T-specifi c solutions with or without contrast agents remain to be explored. Finally, although a 60% increase in SNR was obtained at 7 T, we have not used this gain for increased spatial resolution. However, the objective of our work was a direct, quantitative, objective comparison with 3 T.
In conclusion, although substantial challenges are associated with 7-T cardiac MR imaging, a number of them Recent advances in RF transmit arrays ( 2,3 ) are a step in this direction. Findings from previous studies in which investigators compared 1.5-T and 3-T coronary MR angiography (13) (14) (15) clearly demonstrated that the expected 100% improvement in SNR could not be obtained. At 7 T, the lack of commercially which may be explained with the prolonged T1 at 7 T and the depth penetration of the RF transmit-receive coil, which was clearly inferior to that at 3 T. However, a signifi cant 60% increase in SNR with a simple coil design is encouraging and emphasizes the need for further developments in coil technology. 
have been addressed successfully. In our study directly comparing in vivo human imaging of the RCA at 7 T and 3 T in young healthy volunteers, quantitative parameters related to image quality attained at 7 T equal or surpass those from 3 T. Our results clearly warrant further evaluation in patients with coronary artery disease to assess the potential of our 7-T approach for the visualization of luminal RCA disease. Future work will concentrate on refi nements in coil technology and contrast generation to support concomitant imaging of the left coronary system.
